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Glucose reabsorption in experimental renal insufficiency: Effects
of proportional reduction of sodium intake. Glucose reabsorption
and its relationship to the requirements for renal sodium excre-
tion have been studied in dogs with experimentally induced renal
insufficiency (GFR < 10 mI/mm). One group of animals was fed a
constant sodium chloride intake (CSI group) of 85 mmoles daily
throughout the course of the study. In a second group of animals
(proportional reduction of sodium [PRS] group), the salt intake,
initially 85 mmoles/day when GFR was normal, was reduced in
proportion to the induced fall in GFR, thereby obviating the
obligatory rise in fractional sodium excretion (FENU) seen in the
CS! group. During the first series of studies, all animals were fed
half their daily portion of salt prior to the commencement of glu-
cose titration experiments. In the CSI group, FENU was initially
4.56 2.86% and rose to 8.14 2.70% when maximum capacity
for glucose reabsorption (Tmg) was reached. Tmg/GFR was 3.45
0.29 mg/mI, and there was marked exaggeration of the normal
titration curve 'splay." In the PRS group, FENa was initially
0.38 0.21% and rose only to 0.72 0.41% at Tmg. Tmg/GFR
was significantly higher in this group (4.36 0.29mg/mI), and the
extent of the splay" was markedly reduced, similar to that seen
in normal dogs. When the CSI group was studied without prior
administration of their normal sodium chloride intake, FENa was
initially similar to the values seen in the PRS group and rose to
only 1.82 1.34% at Tmg. Tmg/GFR values and the extent of the
'splay," however, were still significantly different from the PRS
group. The values for Tmg/GFR and "splay" were virtually iden-
tical to the values obtained in CS! dogs fed salt. PRS dogs were
then fed the CSI salt load just prior to study. In this group, FENa
was initially low (0.51% 0.31), but rose to 3.13 1.17% at
Tmg. Despite the increased rate of sodium excretion, Tmg/GFR
and "splay" were unchanged. These studies suggest that the ab-
normalities in glucose reabsorption seen in chronic renal disease
are potentially reversible phenomena related to the long-term re-
quirements for sodium balance, but not related directly to con-
current rates of sodium excretion.
Reabsorption du glucose au cours de l'insuffisance rénale ex-
périmentale: Effets de Ia reduction proportionnelle de l'apport de
sodium. La reabsorption du glucose et sa relation avec les im-
pdratifs de l'excrétion du sodium ont été étudiées chez le chien
au cours de l'insuffisance rénale expérimentale (debit de filtra-
tion glomérulaire < 10 mI/mm). Un groupe d'animaux a recu un
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apport alimentaire de chlorure de sodium constant (groupe CS!)
de 85 mmoles par jour tout au long de l'étude. Dans le deuxième
groupe d'animaux (groupe PRS) l'apport de sel, initialement de
85 mmoles par jour quand le debit de filtration glomerulaire dtait
normal, a été réduit en proportion de Ia diminution du debit de
filtration de telle sorte que ne se produise pas l'augmentation de
l'excrétion fractionnelle de sodium (FENa) observée dans le
groupe CS1. Dans Ia premiere sdrie d'expériences tous les ani-
maux ont recu Ia moitié de leur ration quotidienne de sd avant
de determiner Ia courbe de titration du glucose. Dans le groupe
CSI, FENU était initialement de 4,56 2,86% et a augmente jus-
qua 8,14 2,70% quand Ia capacité maximale de reabsorption
du glucose (Tmg) a ete atteinte. Tmg/GFR était de 3,45 0,29
mg/mi et ii y avait une augmentation importante de Ia partie cur-
viligne de Ia courbe (splay). Dans le groupe PRS, FENa était mi-
tialement de 0,38 0,21% et na augmenté que jusqu'à 0,72
0,41% au Tmg. Tmg/GFR est significativement plus élevé dans ce
groupe (4,36 0,29 mg/mI) et l'ampleur du "splay" est rdduite,
semblable a celle obtenue chez les chiens noi-inaux. Quand le
groupe CSI a été étudié sans administration préalable de Ia ra-
tion de chlorure de sodium, FENU a dtd initialement similaire a
celle observée dans le groupe PRS et na augmente qu'à 1,82
1,34% au Tmg. Tmg/GFR et l'ampleur du "splay" étaient, cepen-
dant, significativement différents d'avec le groupe PRS. Les Va-
leurs de Tmg et du "splay" dtaient pratiquement les mdmes que
celles obtenues chez les chiens CSI nourris. Les chiens du
groupe PRS ont alors recu le méme apport de sel que les chiens
CSI, immédiatement avant l'dtude. Dans ce groupe, FENa était
initialement bas (0,51 0,31%), mais a augmente jusqu'à 3,13
1,17% au Tm. Malgré l'augmentation de l'excrdtion du sodium,
Tm/GFR et Ic "splay" n'ont pas étd modifies. Ces résultats sug-
gèrent que les anomalies de Ia reabsorption du glucose observ-
des au cours de l'insuffisance rénale chronique sont des phénom-
dnes potentiellement réversibles, lies aux nécessités a long
terme du bilan du sodium, mais non Ia consequence directe du
debit d'excrétion du sodium.
The reabsorption of glucose by the mammalian
nephron is an active transport process which ap-
pears coupled to sodium transport in the proximal
tubule [1-4]. When the blood glucose concentration
is elevated progressively, reabsorption of glucose
by the whole kidney increases, ultimately reaching
a maximal value designated as the Tmgi0coe (Tmg).
The reabsorptive process thus appears to be satu-
rable. Not all nephrons appear to have the same ca-
pacity for such reabsorption, and the titration curve
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is characterized by a phenomenon known as
"splay." As first described by Shannon and Fisher
[5], the splay in the glucose titration curve consists
of the appearance of glucose in the urine at blood
sugar levels below those required to saturate the
tubular reabsorptive capacity, and the achievement
of Tmg only when the filtered load of glucose is
much in excess of the maximal rate of reabsorption.
In normal man [6, 7] and animals [3, 5], the extent of
the splay is small, a finding which is believed to in-
dicate relative homogeneity of glomerulotubular
balance (with respect to glucose) among the neph-
ron population. The splay, however, is increased in
man with advanced renal failure of diverse etiology
[7, 8] and in the rat with experimentally induced
renal disease [9]. The genesis of this increased splay
does not appear to be explicable on the basis of
structural heterogeneity of nephrons imposed by a
disease process. Both rats [9] and dogs [2, 10] with
unilateral renal disease and a normal contralateral
kidney demonstrate no greater splay in the diseased
than in the normal organ despite a severely reduced
GFR in the ipsilateral organ. Moreover, Tmg fac-
tored for GFR (Tmg/GFR) is equal bilaterally in
such animals [2, 10]. When the normal kidney is re-
moved from rats with unilateral renal disease, how-
ever, the remaining kidney exhibits a substantial in-
crease in splay, and the TmgIGFR ratio falls [9]. An
increase in splay in the glucose titration curve and a
decrease in TmgIGFR also has been observed in
normal rats subjected to acute extracellular fluid
volume expansion [3] and cannot be attributed to a
disproportionate increase in GFR. In normal dogs,
Kurtzman et al [4] have demonstrated a close in-
verse relationship between Tmg and sodium excre-
tion under conditions of acute extracellular fluid
(ECF) volume expansion and/or contraction. The
possibility thus exists that the alterations of glucose
reabsorption in uremia may be functional rather
than structural in origin. Because both chronic ure-
mia and ECF volume expansion are associated with
increases in fractional sodium excretion, it has been
suggested that the changes in glucose reabsorption
might be secondary to changes in proximal tubular
sodium reabsorption [3]. Recently, we have ob-
served that the increase in fractional sodium excre-
tion that accompanies the fall in GFR in dogs made
chronically uremic can be prevented if salt intake,
rather than being held constant, is reduced in pro-
portion to the reduction in GFR [11]. This regimen
obviates the need for an adaptive increase in frac-
tional sodium excretion as renal insufficiency is ad-
vanced, regardless of how low the GFR falls.
In the present experiments, glucose titration
studies were performed in dogs subjected to a step-
wise reduction of renal mass [11, 12]. One group,
termed the "constant sodium intake" (CSI group),
was maintained on a sodium intake of 85 mmoles/
day throughout the course of study. The second
group, termed the 'proportional reduction of so-
dium" (PRS group), was subjected to a stepwise re-
duction of sodium intake (from an initial level of 85
mmoles/day) designed to keep FENa constant de-
spite the progressive destruction of nephrons.
Methods
Experiments were performed on 19 female mon-
grel dogs, 14 to 20 kg in body weight. All animals
were fed 400 g/day of a synthetic salt-free diet (Nu-
tritional Biochemicals Division, ICN, Cleveland,
Ohio) containing approximately 2000 calories, 46
mmoles of phosphorus and 50 mmoles of potas-
sium. The diets were administered by orogastric
tube in two equally divided feedings—one in the
morning and one in the afternoon. The daily ration
of sodium chloride was also divided into two equal
portions and administered with the diet. At the
commencement of the study, before any reduction
of renal mass, all animals received the same amount
(85 mmoles) of sodium chloride each day. In the
CSI group, this quantity of salt was fed daily
throughout the course of study. In the PRS group,
the intake of sodium chloride was decreased with
each reduction in renal mass in exact proportion to
the measured fall in GFR [13].
The initial GFR was measured twice by exoge-
nous creatinine clearance in all dogs before oper-
ative intervention, and the mean of the two values
was used as the control value for GFR. GFR was
then reduced in the following manner. Approxi-
mately 70% of one kidney was infarcted by tying
second- and third-order branches of the renal artery
as previously described [12]. The contralateral kid-
ney was left intact. Fourteen to twenty-one days
later, 70% of the contralateral intact kidney was in-
farcted. After a further period of at least 2 weeks,
one of the two "remnant" kidneys (usually the
right) was removed. In the dogs included in the PRS
group, GFR was measured the day after each oper-
ative procedure, and the daily salt intake was re-
duced in direct proportion to the observed reduc-
tion of GFR. Glucose titration studies were per-
formed 2 weeks after the final surgical procedure.
Dogs who were unable to consume their diet or
vomited repetitively were eliminated from the
study. Each group was subjected to two types of
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study. In the first study, the animals received their
normal morning salt allotment by orogastric tube I
hour prior to the commencement of the glucose ti-
tration studies. In the second study, the PRS group
received acutely for the first time the dietary allot-
ment of salt normally given to the CSI group, and
repeat glucose titration studies were performed.
For comparison, the CSI group was studied again,
but without having received any salt allotments.
Thus, four separate group studies were performed
and are included in this report.
Glucose titration studies. Glucose titration stud-
ies were performed with the dogs in the fasting
state, unanesthetized, and standing in the support-
ing slings. Unless otherwise indicated, half of the
animals' normal salt ration was given by orogastric
tube in the morning before starting the experiment.
A priming dose of creatinine was administered via
an intravenous catheter, and a sustaining solution of
5% dextrose in water containing creatinine was in-
fused at a rate of 1.0 mI/mm throughout the course
of the experiment. After a 1-hour equilibration peri-
od, two 10- to 15-mm clearance periods were ob-
tained. Thereafter, a 50% dextrose solution was de-
livered with the sustaining infusion by a separate
syringe pump. Glucose was infused at 0.8 ml/min
for three to four clearance periods and then was in-
creased in a stepwise fashion, so that the plasma
glucose concentration could be increased at a rate
of approximately 50 mg/dI/clearance period. Blood
glucose concentrations were determined repeatedly
during the clearance periods to assist in the regula-
tion of the rate of glucose delivery. Typically, the
experiments were terminated when the plasma glu-
cose concentration was in excess of 600 mg/dl.
Urine was collected through a Foley catheter, and
the bladder was washed with sterile distilled water
and air at the end of each clearance period. Blood
samples were obtained from the femoral artery at
the midpoint of each period through an indwelling
polyethylene catheter. The total volume of fluid in-
fused did not exceed 250 ml in any experiment.
Glucose titration curves were constructed ac-
cording to the method of Smith [6]. The filtered load
of glucose was plotted on the ordinate against glu-
cose reabsorption (Tg) on the abscissa. Both terms
were factored by Tmg. The value for Tmg was de-
fined as the value obtained by averaging all values
for glucose reabsorption after the latter had become
stable despite further increases in the filtered load.
In the usual experiment Tmg was derived from the
Tg values of the last three to five clearance periods.
From the points obtained, glucose titration curves
were drawn with French curves. The magnitude of
the splay, expressed arbitrarily in "splay units,"
was determined according to the method of Rob-
son, Srivistava, and Bricker [3]. Briefly, this meth-
od involves plotting and drawing of a glucose titra-
tion curve for each individual dog study, then using
an arbitrarily determined unit value for "splay,"
quantifying the unit value of "splay" for each dog
study. In Fig. 5, as an illustrative example, the
"splay" value of a curve would be equivalent to the
area encompassed between the heavy solid lines
and either the light solid line (the "splay" for the
PRS group) or the dashed line (the "splay" for the
CS! group). In such plots, the heavy lines depict the
theoretical pattern for reabsorption if there was no
heterogeneity for glucose reabsorption and all rieph-
rons attained Tmg/GFR simultaneously at the same
filtered glucose load. A Donnan factor of 0.95 was
used in calculation of FENa. In each experiment,
two values for FENa were obtained. The initial value
was obtained by averaging FENa values for the
clearance periods prior to the appearance of gluco-
suria; the second value was obtained from the clear-
ance periods used to calculate Tmg.
Creatinine was measured by the method of Bon-
ses and Taussky [14] with a Technicon autoanalyz-
er. Glucose was measured by a glucose oxidase
method with a Beckman glucose analyzer [15]. In
preliminary experiments, it was determined that
glucose did not interfere with the accuracy of creati-
nine determinations over the range of plasma and
urinary glucose concentrations observed in the
present experiments and that creatinine did not in-
terfere with the accuracy of glucose determinations.
Sodium and potassium were measured by emission
spectrophotometry. Results are expressed as the
mean 1 SD, and statistical significance was deter-
mined by use of Student's t test for unpaired data. A
2P value less than 0.05 was accepted as indicative
of the existence of significant differences between
groups.
Results
Data on body weight, hematocrit, and plasma
electrolyte concentrations for both groups are sum-
marized in Table 1. A modest degree of weight loss
occurred over the 2- to 3-month period of observa-
tion in all dogs, but the change was no greater in the
PRS dogs than in those maintained on a constant
salt intake. Comparable degrees of azotemia were
achieved in the two groups, and there were no sig-
nificant differences in hematocrit or plasma concen-
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trations of sodium or potassium between the
groups.
The detailed results of a glucose titration study
performed in a representative dog of the CSI group
are shown in Table 2. Half the daily salt ration (42
mEq) was administered by orogastric tube before
beginning the study. GFR, averaged throughout the
study, was 8.6 mi/mm. The mean value for FENa pri-
or to the appearance of glucosuria was 3.8% and
rose during the course of study, to a final value of
11%. Plasma glucose concentrations were increased
progressively from the initial value of 120 mg/dl to a
peak value of approximately 600 mg/dl; filtered load
of glucose rose in a parallel fashion. The value for
Tmg, calculated as the mean value for glucose reab-
sorption during the last four clearance periods, was
29.6 mg/mm; FENa for the same periods was 10.3%.
Glucose was first detected in the urine when the fil-
tered load of glucose was approximately 60% of the
value for Tmg. The ratio of TmgIGFR was 3.42
mg/ml.
A detailed glucose titration study for a represen-
tative dog from the PRS group is shown in Table 3.
Half the daily salt ration (5 mEq) was given to this
animal prior to beginning the titration. GFR aver-
aged 9.6 mI/mm. FENa averaged 0.30% prior to the
appearance of glucosuria and rose to a peak value of
only 0.73% despite marked glucosuria. The plasma
glucose concentration increased from an initial val-
ue of 94 mg/dl to a maximum value of 722 mg/dl, and
there was a parallel rise in the filtered load of glu-
cose. The value for Tmg was 39.1 mg/mm. Gluco-
suria was not detected until the filtered load of glu-
cose exceeded 80% of the Tmg. The value for Tmg!
GFR was 4.07 mg/ml.
The composite data for all of the glucose titration
studies are summarized in Table 4. In six animals in
the CSI group, 42 mEq of sodium chloride were ad-
ministered before the study was begun (study 1).
Single studies were performed in four of the dogs,
and duplicate studies were performed in two. The
mean GFR for the group was 7.3 ml/min. FENa aver-















CSI group(N 7) 17.0 1.7 4.9 2.0 33.7 3.5 69.7 31.6 141 4 4.5 0.4
PRS group
(N 12) 17.2 1.7 5.0 2.1 31.6 5.1 61.9 17.8 139 5 4.6 6.0
P NS NS NS NS NS NS
a Values are means so. CSI is constant salt intake, and PRS is proportional reduction of salt (see text).b Taken from the mean of several determinations before operative intervention.
Fall in weight and the other parameters were taken from the mean of several determinations at the time titration studies were
performed.




















1 9.1 120 11.0 0 11.0 4.10
2 8.6 123 10.6 0 10.6 3.53
3 8.2 203 16.7 0 16.7 3.68
4 8.7 246 21.3 2.9 18.4 4.43
5 8.2 290 23.8 5.5 18.3 4.87
6 8.9 328 29.1 7.9 21.2 5.58
7 8.4 350 29.3 8.1 21.2 5.35
8 8.4 364 30.5 9.7 20.8 5.48
9 8.6 357 30.6 10.0 20.6 5.26
10 7.8 401 31.2 10.3 20.9 5.77
II 9.1 480 43.5 16.0 27.5 8.32
12 8.8 548 48.4 19.5 28.9" 976"
13 8.9 560 50.0 20.8 29.2" 996b
14 8.7 602 52.4 22.3 30.1" 10.50"
15 9.6 586 56.3 26.3 30.0" 1100"
a Tmg = 29.6 mg/mm. Tmg/GFR = 3.48 mg/ml. FENa (before glucosuria) = 3.77%. FENa(at Tmg) = 10.30%.
b Indicates values for the periods used in calculation of Tmg.
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aged 4.56% prior to the appearance of glucosuria
and increased to 8.14% after Tmg was reached. Tm5
averaged 24.7 mg/mm, and Tm5/GFR ranged from
2.81 to 3.93, with a mean value of 3.47 mg/mi.
The composite data for the PRS group of dogs are
also presented in Table 4. These dogs also received
half of their daily salt ration (5 to 7 mEq) before the
study was begun (study 2). Single studies were per-
formed in three of the dogs, duplicate studies were
performed in three, and triplicate studies were per-
formed in one dog. GFR averaged 9.0 ml/min. FENa
averaged 0.38% prior to the appearance of gluco-
suria and only 0.72% in the periods after Tm5 was
reached. Tmg ranged from 13.9 mg/mm (in a dog
with a GFR of 3.5 ml/min) to 60.8 mg/mm in the dog
with the highest GFR (13.7 mllmin). Tmg/GFR
ranged from 3.92 to 4.79 mg/ml, with a mean of 4.36
mg/ml, but there was no correlation within the
group between absolute GFR and the TmgIGFR ra-
tio (r = 0.04). Comparison of the data for the two
groups (study 1 vs. study 2) showed no significant
difference between the values for GFR; however,
the Tm5IGFR ratio was significantly higher in the
PRS group than it was in the CSI group, and the
splay was markedly decreased. In comparison to
the PRS group, FENa values were significantly
greater in the CS! group both during the control
clearance periods and during the periods of maxi-
mal glucose reabsorption.
The studies thus show a difference in both glu-
cose reabsorptive capacity and in the titration curve
"splay" between the groups, which may relate to
Table 3. Representative glucose titration study in a dog from the proportional-reduction-of-sodium (PRS) groupa
Clearance Plasma Filtered Excreted Reabsorbed
period GFR glucose glucose glucose glucose
(dog #8) mI/mm mgldl mg/mm mg/mm mg/mm
FENa
%
10.2 94 9.6 0 9.6 0.31
2 10.6 114 12.1 0 12.1 0.25
3 10.0 219 21.9 0 21.9 0.34
4 8.9 274 24.5 0.8 23.7 0.25
5 9.8 333 32.7 2.9 29.8 0.49
6 9.6 406 38.9 5.9 33.0 0.61
7 8.9 492 44.0 8.2 35.8 0.52
8 9.8 496 48.5 12.6 35.9 0.38
9 10.0 504 50.7 15.7 35.0 0.41
10 9.6 622 59.9 19.8 40.1 b 0.73b
11 9.0 638 57.6 21.0 366b Ø•61N
12 8.8 722 63.9 23.6 40.3 h
aTmg = 39.1 mg/mm. TmdGFR = 4.07 mg/mI. FEN8 (before glucosuria) = 0.30%. FENa (at Tmg) = 0.61%.
b Indicates values for the periods used in calculation of Tm.
Table 4. Composite data summary for all glucose studiesa
FENa, %
GFR Tmg Tm /GFR Prior to Splay
Study & group1' mi/mm mg/mm mg/mi glucosuria At Tm units
Section A
Study 1: CSI(N = 6) 7.3 2.0 24.7 7.3 3.47 0.29 4.56 2.86 8.14 2.70 467 187
Study 2: PRS(N = 7) 9.0 3.1 39.5 15.2 4.36 0.29 0.38 0.21 0.72 0.41 137 50
Study 3: CSI(N = 6) 7.7 1.6 29.8 8.1 3.73 0.41 0.86 0.76 1.82 0.34 385 203
Study 4: PRS (N = 5) 9.7 1.7 45.0 6.8 4.64 0.40 0.51 0.31 3.13 1.17 142 85
Section B: Group comparison (2p values)
1 vs. 2 NS <0.05 <0.001 <0.005 <0.001 <0.005
I vs. 3 NS NS NS <0.02 <0.001 NS
2vs.4 NS NS NS NS <0.001 NS
3 vs. 4 NS <0.01 <0.01 NS <0.05 <0.05
2vs,3 NS NS <0.01 NS <0.001 <0.001
1 vs. 4 NS <0.005 <0.001 <0.02 <0.01 <0.01
a Values are means SD.
b CSI refers to dogs fed a constant sodium chloride intake of 85 mmoles/day. PRS refers to dogs fed a diet where sodium chloride
content had been reduced from 85 mmoles/day to a level proportionate to the induced reduction in GFR. Studies 1 and 2 compare the two
groups fed their normal (but different) diets; studies 3 and 4 compare the groups during acute reversal of their dietary sodium intake. 2 P
values are reported for Student's t test for unpaired values. A 2 P value > 0.05 has been reported not significant (NS).
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the rates of sodium excretion. Because both groups
received their normal (but markedly different) au-
quots of sodium chloride by orogastric tube just
prior to study, the differences could be ascribed to
the acute effects of different sodium chloride loads.
It is also possible, however, that the effects are
more persistent and consequent to chronic effects
of differing sodium chloride loads. To differentiate
between these possibilities, repeated glucose titra-
tion studies were performed on seven dogs in the
Cs! group (study 3), omitting the morning ration of
sodium chloride, and also on five dogs in the
PRS group (study 4). In the latter group, a sodium
chloride load of 42 mEq was given orally just
prior to study. These results are also included
in Table 4. GFR averaged 7.7 mi/mm in the CSI
group (study 3), a value not significantly different
from that obtained in the initial study (study 1). The
mean values for FEr,ta for study 3 were, however,
0.86% before the appearance of glucosuria and
1.82% at Tmg, compared to values of 4.56% and
8.14% recorded in the CSI group during study 1.
Despite these differences in FENa, there was no sig-
nificant difference between the values for TmgIGFR
between studies 1 and 3. When the values for the
second set of CSI studies (study 3) were compared
to those obtained in the PRS group of dogs (study
2), TmgIGFR levels remained significantly lower in
the CSI group (2 P < 0.01). Splay of the glucose
titration curve also appeared to be persistent and
unaffected by acutely altering dietary sodium.
There was no significant difference in magnitude of
the splay in the CSI group, which could be attrib-
uted to the differences in either acute salt loading or
the differences in sodium excretion.
In five dogs of the PRS group, an acute salt load
equivalent to the CSI group's salt load was adminis-
tered (study 4). GFR was not significantly altered
from the first PRS study values. Fractional sodium
excretion prior to glucosuria averaged 0.51%, not
statistically different from the prior study values.
Values for FENa at Tm, however, were significantly
increased (3.13 1.17%) compared to the prior
study values (0.72 0.41, 2P <0.001). Despite the
differences in salt load and in FENa values at Tm,
Tmg in study 4 averaged 45.0 mg/mm, and Tmg/GFR
averaged 4.64 mg/mi. Neither value was signifi-
cantly different from the values obtained in PRS
animals who had been fed a much lower salt load
prior to study and who had much lower rates of
sodium excretion throughout the course of study
(study 2).
Figure 1 shows a mass plot of all of the individual
clearance periods obtained on the six dogs in the
C51 group in study 1. A similar plot is shown in Fig.
2 for the seven studies performed on the CS! dogs in
study 3. In Fig. 3, a plot is shown for the PRS group
in study 2. Finally, Fig. 4 depicts the plot for studies
of the PRS group which received a high salt load
prior to study (study 4). Fig. 5 summarizes by freely
drawn curves the differences in glucose titration
curve splay between groups and between studies.
In the PRS groups (studies 2 and 4), glucosuna first
appeared at a filtered load of glucose in excess of
65% of the Tifig, and Tmg was achieved at a filtered
Filtered glucose/Tm9
Fig. 1. Mass plot of all the individual clearance periods in the
glucose titration studies performed in six of the dogs in the con-
stant-sodium-intake (CSI) group in which salt was administered









Fig. 2. Mass plot for the studies on the dogs in the constant-
sodium-intake (CS!) group in which salt was not administered
prior to the experiments (study 3; see text).
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0.









I I I I I I I I
0.4 0.8 1.2 1.6 2.0 2.4 2.8
Filtered glucose/Tm9
Fig. 3. Mass plot for the studies on the dogs in the proportional-
reduction-of-sodium (PRS) group in which their normal (but low)
salt load was administered prior to study (study 2; see text).
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load of approximately 50% greater than the value
for maximum reabsorptive capacity. In the CSI
groups (studies 1 and 3), the titration curves were
much different from those of the PRS groups re-
gardless of whether sodium chloride was adminis-
tered before commencing the titration study or not.
Glucose excretion in the urine began at a filtered
load of glucose of approximately 55% of the Tmg,
and Tmg was not achieved until the filtered load was
well over twice the value for the maximum reab-
sorptive capacity.
Discussion
In far advanced chronic renal insufficiency, the
splay in the glucose titration curve is increased in
both man [7, 8] and rat [9]. One explanation for this
transformation is that the homogeneity of glomeru-
lotubular balance for glucose characteristic of the
nephrons in a normal kidney is disrupted among the
residual nephrons of the diseased kidney. Although
there is indeed evidence of increased heterogeneity
for the absolute levels of function of individual
nephrons in chronic renal disease [16—18], there a!-
so is considerable evidence that the relationship
between glomerular and proximal tubular function
remains homogenous among these nephrons. For
example, recent studies in rats with diffuse experi-
mental glomerulopathy [17, 18] or with remnant kid-
neys have shown that fractional reabsorption of so-
dium along the length of superficial proximal tu-
bules remains homogeneous among the constituent
nephrons despite a wide dispersion of values for
SNGFR. Moreover, as already noted, animals with
severe unilateral pyelonephritis and a contralateral
normal kidney exhibit no greater splay in the glu-
cose titration curve in the diseased compared to the
intact organ, and ratios for Tmg/GFR are equal bi-
laterally [10].
Two observations indicate that the increased
splay in the glucose titration curve is acquired and
mediated by functional changes. First, although in
rats with unilateral remnant or pyelonephritic kid-
neys no increase in splay was present when the con-
tralateral normal kidney was contributing to overall
renal function, marked splay emerged alter the nor-
mal kidney was removed [9]. Second, normal rats
and dogs, which when studied in the hydropenic
state showed minimal splay, developed marked
splay of the glucose titration curve when ECF vol-
ume was acutely expanded [3, 4]. Characteristic of
both sets of experiments, the increase in splay in
the glucose titration curve was attended by de-
creases in Tmg/GFR ratios and increases in fraction-
al sodium excretion.
In seeking a singular explanation that would ap-
ply to all of the circumstances in which the pattern
of glucose reabsorption is altered, the most obvious
correlate is with fractional reabsorption of sodium.
In each instance in which the splay in the titration
curve is increased and Tmg/GFR ratios are de-
creased, fractional reabsorption of sodium is known
to be diminished. Both direct and indirect evidence
links the transcellular transport of glucose to the
transport of sodium [3, 4, 19-22], and a direct rela-
tionship has even been characterized for transport
across isolated brush border microvesicles [13, 21,
22]. In vivo studies of normal dogs under conditions
of acute ECF volume expansion and contraction by
Kurtzman et a! have demonstrated a close correla-
tion between acute increases in sodium excretion
and acute decreases in glucose reabsorption [4].
Similar observations have been made in vivo in nor-
mal laboratory rats by Robson, Srivistava, and
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Fig. 4. Mass plot for the studies of proportional-reduction-of-
sodium (PRS) dogs who received acutely a normal salt load prior












Fig. 5. 'Smoothed" titration curve for all groups using method
of Smith [6]. Solid line depicts the curve obtained in studies 2 and
4 of the proportional-reduction-of-sodium (PRS) group. The
dashed line depicts the curve obtained in the constant-sodium-
intake (CSI) group during studies I and 3.
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latter studies, splay of the glucose titration curve
was increased and Tmg/GFR was decreased. In man
with chronic uremia, Tmg/GFR is markedly re-
duced, and there is increased splay of the glucose
titration curve [7, 8]. With progressive renal failure,
because dietary salt intake usually remains normal,
FENa rises in direct proportion to the decrement in
GFR. In most studies, the increase in FENa is ac-
companied by a decrease in proximal tubular frac-
tional sodium reabsorption [16, 23]. In some in-
stances, however, an increase in proximal tubular
fractional sodium excretion has not been observed
[24]. In addition, there are instances clinically, no-
tably the nephrotic syndrome, where a marked
decrement in proximal reabsorption is not attended
by an increment in FENa [25] and is not apparently
associated with a reduction in Tmg/GFR [26]. Thus,
although there is strong evidence linking the trans-
port of glucose directly to the transport of sodium
on the cellular level, and there is equal strong evi-
dence to suggest that acute expansion of the ECF
volume results in a depressed Tmg, the extension of
such a relationship to regulation of net glucose reab-
sorption by net sodium excretion on an organ level
or in vivo level under more normal physiologic cir-
cumstances is less well established. The present ex-
periments may cast further question upon this rela-
tionship, especially when considering mechanisms
of chronic adaptation.
In the present experiments, glucose titration
studies are performed on two groups of dogs with
experimentally induced renal insufficiency. Both
groups were subjected to equivalent reductions of
GFR, and both developed a similar degree of chron-
ic renal insufficiency. With the exception of the salt
intake, both groups were fed the same diet and were
maintained under identical laboratory conditions.
Only one variable was altered—the amount of salt
in the diet—and this was altered on both an acute
and a chronic basis. In one group, dietary sodium
intake was maintained at 85 mmoles/day over the
entire course of study. In these animals, therefore,
sodium excretion per nephron increased each time
renal mass was reduced and GFR fell. In the second
group, 85 mmoles of sodium were fed daily while
renal function was normal, but as renal mass was
decreased, the intake of sodium was reduced pro-
gressively and proportionately. In the latter group,
the stimulus to an increase in fractional sodium ex-
cretion should not have occurred despite the devel-
opment of advanced renal insufficiency. In the ini-
tial studies, each group received their routine, but
markedly different, half ration of salt just prior to
commencing the glucose titration studies. In the
CSI group, FENa in the control clearance periods
was more than ten times the rate observed in the
PRS group, and after glucose reabsorption became
maximal, FENa rose to a value of 8.14% in the CSI
dogs, more than 11 times the comparable value in
the PRS group. The differences in glucose reabsorp-
tion between the two groups were equally striking.
In the CSI group, glucose appeared in the urine at a
substantially lower filtered load of glucose than it
did in the PRS group, and Tm was not reached until
the filtered load of glucose was substantially higher,
suggesting increased splay. Moreover, with a quan-
titative measure of splay units, the mean splay in
the CSI group exceeded that in the PRS group by
about four times (467 vs. 137 units). Finally, TmgI
GFR ratios were significantly lower in the CSI than
they were in the PRS group. These observations,
therefore, underscore the functional nature of the
defect in glucose reabsorption in uremia, because
the defect is prevented in the PRS group who differ
only with respect to dietary sodium intake and the
requirements for sodium excretion. They would al-
so appear to support a correlation between the con-
temporaneous values for sodium excretion and glu-
cose reabsorption. Such a correlation, however, is
not apparently fixed. Figure 6 depicts the relation-
ship between FENa and the concomitantly measured
TgIGFR for dogs from both groups. If a fixed rela-
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Fig. 6. Relationship between fractional sodium excretion (FE0.)
and concotnitantly measured glucose reabsorption (T0/GFR) in a
constant-sodium-intake (CSJ) dog and a proportional-reduction-
of-sodium (PRS) dog undergoing glucose titration studies. Lines
were drawn by linear regression analysis.
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would be predicted that the slope of the curve ob-
tained would be similar or identical even though
plotted over different ranges of each parameter. The
data in Fig. 6 demonstrates a considerable dif-
ference in slope between the two groups and sug-
gests that the relationship may be variable.
The reverse experiments in which a normal salt
load was given acutely to chronic PRS dogs (study
4) and no salt was given to chronic CSI dogs (study
3) also provide a rather provocative challenge to the
general assumption of a direct correlation between
FENa and glucose reabsorption—at least in dogs
with chronic experimental renal disease.
In these reverse experiments, FENa in the CSI
group was initially low and rose only a small
amount despite the presence of massive glucosuria.
TmgIGFR remained low, and splay was abnormally
high. In the PRS group, FENastarted low but rose to
a much higher level than that achieved in the first
set of experiments. It rose, in fact, to a level higher
than the level achieved by the CSI group in these
reverse experiments. Yet, the values for TmgIGFR
and for splay in the PRS group were unchanged.
GFR values were unaltered in either group by the
reverse experiments, and there were no other ex-
perimental variables which had been altered. The
surprising conclusion of these latter experiments
appears to be that the chronic adaptations to salt
excretion (or intake) may modify the relationship
between net glucose reabsorption and net sodium
reabsorption by the kidney. It is important to em-
phasize that the present results do not contradict
the previously well established effects of acute ECF
volume expansion upon glucose reabsorption. The
studies are not comparable. Because the present
studies did not entail a direct examination of the re-
sponse to graded acute ECF volume expansion, it is
impossible to determine whether or not the dif-
ferences are the result of a change in sensitivity of
the kidney to volume expansion or to some variable
thereof. In view of the fact that different mecha-
nisms appear important in the control of sodium
reabsorption in anatomically different portions of
the nephron and that compensatory increases in dis-
tal sodium reabsorption may prevent natriuresis in
the face of depressed proximal reabsorption [25], it
might be expected that glucose reabsorption might
be dissociated in some instances from net sodium
reabsorption or excretion. In this respect, it is of
considerable interest to note the recent results from
Kurtzman et al [4] demonstrating marked variation
in TgIGFR in association with variations in FENa be-
low 2.5%, but much less variation in TgIGFR when
FENa is widely varied at levels above 2.5%. The mi-
cropuncture studies preliminarily reported by Wen
[27] also suggest that the relationship between Tmg
and FENa varies markedly between different neph-
ron segments and that even in the proximal tubule a
dissociation can be obtained [28].
Further, it should be noted that recent studies on
bicarbonate reabsorption demonstrate a para-
doxical increase in Tm of bicarbonate in uremic
dogs [29, 30] in association with increases in FENa
and a decrease in Tm of bicarbonate in uremic dogs
subjected to a chronic proportional reduction of so-
dium intake [31].
Do chronic adaptive changes in solute excretion
or chronic differences in solute intake predetermine
or bias the response of the kidney in handling acute
changes in filtered solute load? The present results
for glucose reabsorption would suggest it. Recent
studies of bicarbonate reabsorption in uremia sug-
gest that both the chronic rates of sodium excretion
[31] and of acid excretion [32] may affect Tm of bi-
carbonate under acute challenge conditions. In this
respect, it is interesting to speculate whether the
marked splay and reduced Tmg observed by
McPhaul and Simonatis [7] in a group of otherwise
normal young men thought to have primary renal
glucosuria" might not be the result of chronic dif-
ferences in their salt intake. Further studies of the
effects of chronic solute loading will be needed to
examine such possibilities.
Finally, it should be emphasized that the present
results, although demonstrating a dissociation be-
tween glucose reabsorption and sodium excretion,
provide no information with respect to the relation-
ship of sodium reabsorption and glucose reabsorp-
tion in the proximal tubule. If glucose and sodium
reabsorption are coupled or strongly associated,
then the present data might suggest an alteration in
proximal sodium reabsorption as a consequence of
proportional reduction of sodium intake. Micro-
puncture studies of the proximal tubule under such
conditions will be required to provide such informa-
tion.
Acknowledgments
Portions of this research were supported by NIH
Grants P0 lAM 16281-02 and ST 01 HL05928-04
and by the Medical Research Service, Veterans Ad-
ministration Hospital, San Francisco, California
(Dr. Schmidt). Dr. Danovitch was in receipt of a
National Kidney Foundation Fellowship. G. Gavel-
las gave technical assistance. N. S. Bricker gave
support and advice.
Glucose reabsorption in renal insufficiency 599
Reprint requests to Dr. R. W. Schmidt, V.A. Hospital (IIJJ),
4150 Clement Street, San Francisco, Cahfornia 94121, USA
References
1. TUNE MD, BURG MG: Glucose transport by proximal renal
tubules. Am J Physiol 221:580—585, 1971
2. BRICKER NS, OIllowsKI T, KIME SW, MORRIN PAF: Ob-
servations on the functional homogeneity of the nephron
population in the chronically diseased kidney of the dog. J
C/in Invest 39:1771—1776, 1960
3. ROBSON AM, SRIVISTAVA PL, BRICKER NS: The influence of
saline loading on renal glucose reabsorption in the rat. J Clin
Invest 47:329—335, 1968
4. KURTZMAN NA, WHITE MG, ROGERS PW, FLYNN JJ III:
Relationship of sodium reabsorption and glomerular filtra-
tion rate to renal glucose reabsorption. J Clin Invest 51:127-
133, 1972
5. SHANNON JA, FISHER 5: The renal tubular reabsorption of
glucose in the normal dog. Am J Physiol 122:765-773, 1938
6. SMITH HW: Principles of Renal Physiology. New York, Ox-
ford University Press, 1956, P. 39
7. MCPHAUL J JR, SIMONATIS J: Observations on the mecha-
nism of glucosuria during glucose loads in normal and non-
diabetic subjects. J Clin Invest 47:701—711, 1968
8. RIESELBACH RE, SHANKEL SW, SLATOPOLSKY E, LUB0-
WITZ H, BRICKER NS: Glucose titration studies in patients
with chronic progressive renal disease. J Clin Invest 46:157-
163, 1967
9. SHANKEL SW, ROBSON AM, BRICKER NS: On the mecha-
nism of splay in the glucose titration curve in advanced ex-
perimental renal disease in the rat. J Clin Invest 46: 164—172,
1967
10. BRICKER NS, MORRIN PAF, KIME SW: The pathologic
physiology of chronic Bright's Disease: An exposition of the
"intact nephron hypothesis." Am J Med 28:77-98, 1960
11. SCHMIDT RW, BOURGOIGNIE JJ, BRICKER NS: On the adap-
tation in sodium excretion in chronic uremia: The effects of
"proportional reduction" of sodium intake. J C/in Invest
53:1736-1741, 1974
12. SCHULTZE R, SHAPIRO H, BRICKER NS: Studies on the con-
trol of sodium excretion in experimental uremia. J Clin In-
vest 48:869-877, 1969
13. MITCHELL M, ARONSON P, SACKTOR B: Further studies on
the previously proposed saturable high affinity sight for D-
glucose in renal brush border membrane preparations. J Biol
Chem 249:6971-6975, 1974
14. BONSES RW, TAUSSKY HH: On the colorimetric determina-
tion of creatinine by the Jaffe reaction. J Biol Chem 158:581—
591, 1945
15. KADISH AH, LITTLE RL, STERNBERG JC: A new and rapid
method for the determination of glucose by measurement of
the rate of oxygen consumption. Clin Chem 14:116, 1968
16. SCHULTZE RG, WEISSER F, BRICKER NS: The influence of
uremia on fractional sodium reabsorption by the proximal
tubules of rat. Kidney mt 2:59—65, 1972
17. LUBOWITZ H, MAZUMDARDC, KAWAMURAJ, Citossor JT,
WEI5sER F, ROLE D, BRICKER NS: Experimental glomerulo-
nephntis in the rat: Structural and functional observations.
Kidney Int 5:356-364, 1974
18. ALLISON MEM, WILsoN CB, GOTTSCHALK CW: Patho-
physiology of experimental glomerulonephntis in the rat. J
Clin Invest 53:1402-1423, 1974
19. SCHULTZE RG, ZALUSKY R: Ion transport in isolated rabbit
ileum II: The interaction between active sodium and active
sugar transport. J Gen Physiol 47:1043-1047, 1964
20. GOLDNER AM: Sodium dependent sugar transport in the in-
testine. Metabolism 22:649—656, 1973
21. KINNE R, MURER H, KINNE-SAFFRAN E, THEES M, SACHS
G: Sugar transport by renal plasma membrane vesicles:
Characterization of the systems in the brush border micro-
villi and basolateral plasma membranes. J Membr Biol
21:375—395, 1975
22. ARONSON P, SACKTORB: The Nagradient-dependent trans-
port of D-glucOse in rat brush border membranes. J Biol
Chem 250:6032—6039, 1975
23. WEN SF, WONG NLM, EVANSON RL, LOCKHART EA,
DIRKS JH: Micropuncture studies on sodium transport in the
remnant kidney of the dog: The effect of graded volume ex-
pansion. J Clin Invest 52:386—397, 1973
24. HAYSLETT JP, KASHGARIAN M, EPSTEIN FH: Mechanism of
the change in the excretion of sodium per nephron when re-
nal mass is reduced. J Clin Invest 48:1002—1006, 1969
25. Gixusz H, LIEBERMAN R, EARLEY L: Effect of plasma al-
bumin on sodium reabsorption in patients with nephrotic
syndrome. Kidney mt 1:47—54, 1972
26. STANBURY S, MACAUEAY D: Defects of renal tubular func-
tion in the nephrotic syndrome. Q J Med 26:7-31, 1957
27. WEN SF: Effect of glucose infusion on renal glucose trans-
port. Clin Res 24:470A, 1976
28. WEN SF: Effect of volume expansion on glucose transport
under glucose loading. C/in Res 24:592A, 1976
29. SCHMIDT R, BRICKER N, GAVELLAS G: Renal bicarbonate
reabsorption in experimental uremia in the dog. Kidney Int
10:287-294, 1976
30. ARRUDA J, CARRASQUILLO T, CUBRIA A, RADEMACHER D,
KURTZMAN N: Bicarbonate reabsorption in chronic renal
failure. Kidney Int 9:481—488, 1976
31. SCHMIDT R, GAVELLAS G: Bicarbonate reabsorption in ex-
perimental renal disease: Effects of proportional reduction
of sodium or phosphate intake. Kidney mt 12:393-402, 1977
32. SCHMIDT R. Factors affecting bicarbonate reabsorption in
experimental renal insufficiency. Am J Physiol 3:F472—479,
1978
